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PREFACE
In the fall of 1966, the National Aeronautics and Space Administration
(NASA) asked the National Academy of Sciences to conduct a study on "the
probable future usefulness of satellites in practical Earth-oriented appli-
cations. " The study would obtain the recommendations of highly qualified
scientists and engineers on the nature and scope of the research and devel-
opment program needed to provide the technology required to exploit these
applications. NASA subsequently asked that the study include a considera-
tion of economic factors.
Designated the "Summer Study on Space Applications, " work began in
January 1967, guided by a Central Review Committee (CRC) appointed by
the Academy. The Study's Chairman was Dr. W. Deming Lewis, President
of Lehigh University.
Technical panels were convened to study practical space applications
and worked intensively for periods of two to three weeks during the summers
of 1967 and 1968 at Little Harbor Farm in Woods Hole, Massachusetts. The
work of each pane, was then reported to the Central Review Committee,
which produced an overall report. Panels were convened in the following
fields:
Panel 1: Forestry-Agriculture-Geography
Panel 2: Geology
Panel 3: Hydrology
Panel 4: Meteorology
Panel 5: Oceanography
Panel 6: Sensors and Data Systems
Panel 7: Points-to-Point Communications
Panel 8: Systems for Remote-Sensing Information and
Distribution
Panel 9: Point-to-Point Communications
Panel 10: Broadcasting
Panel 11: Navigation and Traffic Control
Panel 12: Economic Analysis
Panel 13: Geodesy-Cartography
The Panel on Geodesy-Cartography met and compiled its report during
the summer of 1967. The report was reviewed and made current by
Frederick J. Doyle, the Panel Chairman, during the fall of 1967. Since
that time the report has not been revised.
iii
aThe major part of the Study was accomplished by the panels; the function
of CRC was to review their work, to evaluate their findings, and, in the con-
text of the total national picture, to derive certain conclusions and recom-
mendations. The Committee was impressed by the quality of the panels'
work and has asked that the panel reports be made available to specialized
audiences. While the Committee is in general accord with the final reports,
it does not necessarily endorse them in every detail. It chose to emphasize
the major recommendations in its overall conclusions and recommendations,
which have been presented in Useful Applications of Earth-Oriented Sate l
-lites: Report of the Central Review Committee.	 y
In concluding this preface, it is emphasized that the conclusions and
recommendations of this panel report should be considered within the con-
text of the overall report of the Central Review Committee.
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1.0 INTRODUCTION
1.1 Definition of Disciplines
Geodesy and cartography comprise an integrated area of scientific and
technical knowledge whose objectives are:
1. The definition of a unified, mass-centered, coordinate 7ystem for
the plaat and the determination and expression of the stationary and time-
variant parameters of the planetary gravity field. This is the definition of
physical or dynamic geodesy as used herein.
►%. The determi:aation of she size and shape of the planet, and the sta-
tionary and time-variant location of a large number of points in a unified
coordinate system. This defines geometric geodesy as used herein.
3. The depiction of the physical surface of the planet on maps useful
to scientific and engineering disciplines. This is the adopted definition of
cartography.
The use of orbiting satellites provides the opportunity to apply these
three disciplines in a unified worldwide sense which is inherent in their
definitions, rather than in the piecemeal fashion which has b. y en imposed
by the limited observation techniques available in the past.
1.2 Literrelations and End Products
The relationships between the disciplines and the information that they
produce are illustrated in Figure 13. 1. 1. Both physical and geometric
geodesy have long been recognized as self-sufficient sciences worth pursuing
simply for the extension of human knowledge. Cartography is the traditional
means of graphical data representation, but in the past it has been viewed as
a form of art and much emphasis has been placed upon the aesthetics of it.
Fundarso.;ntally, however, all three disciplines make their major contribu-
tions to progress by providing indispensable knowledge to other disciplines.
The users of the end products are shown in the last line of Figure 13, 1. 1
1.3 Information Requirements
1. 3. 1 Dynamic Geodesy Requirements
There is apparently no limit to the accuracy with which satellite
t	 position in orbit must be determined. For most applications, an accuracy
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of sensor positioning to a few tens of meters seems adequate; for others,
such as measuring geoid profiles, a few meters is required; for ultimate
objectives, such as dynamic oceanography, a few centimeters is necessary.
The conclusion is that whatever accuracy can be obtained will eventually be
exploited.
A. detailed description of the variations of the gravity field is necessary
to permit the determination of spacecraft positions and, consequently, also
has no lower limit of accuracy. Furthermore, the geophysical and geologic
implications of gravity anomalies require detailed surveys which cannot be
approached by foreseeable space technology. A mass-centered reference
system is determined by specifying the absolute coordinates of a consider-
able number of stations. These are primarily the stations from which satel-
lite tracking is accomplished, and thus they too have no lower limit on
accuracy requirements.
1, 3.2 Geometric Geodesy Requirements
A worldwide primary network of .stations to be established by geo-
metric geodesy will serve the following purposes:
1. Unify the various geodetic datums in use around the world
2. Connect islands, tracking stations, navigational beacons, and
'	 other isolated points of interest to the unified reference system.
For these functions an internal consistency (standard deviation) of
approximately 10 m in position and 12 m in radius vector seems about the
limit of practical requirements.
A number of oclentific reference stations will also be located by
geometric geodesy to serve the purpose of monitoring relative land motions.
These requirements will be satisfied by an internal precision of about 1 m
in position.
1. 3. 3	 Cartographic Requirements
Map producers have from time immemorial found it difficult to
assess requirements of map users. Nevertheless, there is reasonable
agreement on the following map needs:
1. A synoptic map of the world at scale 1:1, 000, 000
2. Completion of world map coverage at scale 1:250, 000
3. Large - scale maps at 1:24, 000 of all areas of particular interest
The current map-production cycle is 3 years between acquisition
of photography and distribution of the finished map; maps are therefore 3
years out of date when they first reach the user's hands. The map-revision
cycle is between 5 and 10 years for areas most in demand, and 20 to 30
years for other areas. For some parts of the United States the most
r ,,
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u	
,^r
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Icurrent maps are at scale 1:63, 360 and were published over 60 years ago.
All map users agree that the most pressing problem is obtaining current
map information. Completeness, geometric accuracy, aesthetics, wou
all be sacrificed for currency. It is precisely in this area that satellite
cartography can be most useful. The continuing need for map revision is
graphically illustrated by Figure 13. 1. 2.
1.4 System Approach to Space Geodesy and Cartography
When the three disciplines of dynamic geodesy, geometric geodesy, and
cartography are considered, it is apparent that their appropriate combina-
tion can lead to an efficient system which will go a long way toward solving
the nation's requirements for map information. At the same time there is
no implication that a space system will completely replace the conventional
aircraft photography and ground- surveying techniques. The space system
can satisfy synoptic needs--which is the proper application of space sensing--
while detailed needs will be satisfied by conventional techniques. Such a
system is diagrammed in Figure 13. 1. 3.
Dynamic and geor!.etric satellite geodesy will produce the fundamental
map control network. Small-scale satellite photography can be employed to
produce synoptic 1:1, 000, 000 mosaics in a very short time period and (,,Ath
additional information sources) finished 1: 1, 000, 000 maps over a longer time
period. Medium-scale satellite photography can be employed to produce
photogrammetric control for mosaics and maps at scales as large as
1:24, 000. The photographs themselves can be used to provide mosaics rapid-
ly and (with additional compiled information) maps at scales up to 1:250, 000.
Large-scale satell.' photography can be employed to produce rapid mosaics
and revised reaps at .3cales of 1:24, 000. Finally, new large-scale mapping
will be accomplished using conventional aerial photography.
1. 5 Systems Studies
The systems proposed in this report were generated by the Panel for
the purpose of illustration, demonstration of technical feasibility, and cost-
ing. The systems, therefore, should be considered as hypothetical cases
and not as definitive systems for implementation.
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I2.0 CURRENT STATUS OF SATELLITE PROGRAMS
2.1 Dynamic and Geometric Geodesy
All satellite tracking has implications for dynamic geodesy and to this
extent NASA has been involved in geodesy since its first spacecraft launch.
After a series of policy decisions, which need not be reviewed here, a
National Geodetic Satellite Program (NGSP) was established, and both,
dynamic and geometric geodesy are an accepted part of the NASA program
and have been implemented by successful spacecraft launches and observa-
tion and data-reduction projects. Other spacecraft not actu"lly included in
the NGSP program have been extensively involved in the observation program.
The principal satellites used for geodetic purposes are summarized yin Table
13. 2. 1.
The current accomplishments of dynamic satellite geodesy can be listed
as:
1. Spacecraft positions can be established within an error ellipsoid
whose principal axes are 1100 m along track, ±10 m across track, and
130 m in elevation _
2. Between 100 and 200 spherical harmonic coefficients of tic earth's
gravitational field have been determined. Statistical comparisons with
terrestrial gravimetry indicate that the average error of the coefficients
in the form of accelerations based on mean values for 5' x 5^ areas at
the earth's surface, totals about ±13 milligals. Most of this discrepancy
arises from omission of higher-order terms; the portion attributable to
errors in the coefficients is less than t5 milligals in the best solutions.
3. The geocentric coordinates of approximately 25 tracking stations
have been established with an error of about ±15 m.
4. Initial estimates of tidal effects on satellite orbits have been made.
The principal current accomplishments of geometric geodesy can be
listed as:
1. Observations have been completed for 15 stations in the Coast and
Geodetic Survey-Department of Defense (C&GS-DOD) primary net, and data
from 11 stations have been reduced. The procedure has demonstrated a
capability of producing a precision of t8 m rms in position coordinates,
and 112 m rms in elevation has been currently achieved. These results
are equivalent to an accuracy of at least 2 parts per million.
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r2. Observations and reductions have been completed for 17 out of
approximately 40 stations in the proposed C&GS-DOD North American
densification .network. The method has demonstrated capability of producing
a precision of t3 m rms in position, and f4. 5 m rms in elevation has been
currently achieved. These results are also equivalent to about  parts
per million.
3. Observations and reductions have been completed to determine the
space directions between 12 Smithsonian Astrophysical Observatory (SAO)
stations using quasi-simultaneous observations. The method has demon-
strated an accuracy of space directions of 3 to 10 parts per million depending
upon the number of observations.
2.2 Satellite Cartography
Apart from the widely publicized GEMINI photography, which was never
planned for cartographic purposes, no current program exists within NASA
to produce cartographic quality photographs. This represents a serious
deficiency in the program.
2.2. 1	 Proposed Photographic Systems for the Apollo Applications
roeram
The Panel is aware of proposals (1 and 2 in Section 7. 0) for
photographic experiments to be included in the Apollo Applications Program.
These proposals suggest four separate kinds of camera systems:
1. A set of 6-in. focal length 9 x 9 in. format cameras for a
multiband spectral experiment
2. A pair of 12-in, focal length 9 x 14. 5 in. format metric
cameras
3. A pair of 24-in. focal length, 41° sweep, 15° convergent pan-
oramic cameras
4. A long-focal-length (about 96 in.), 2 1/4 x 2 1/4 in. format,
reflective optics, multispectral camera
Of these proposed experiments, only the multiband has been
approved for implementation, but even it has not been supported to the
extent of supplying funds for the development of instrumentation.
These camera systems were specified in anticipation of short-
lifetime Apollo Application flights at an orbital altitude of 125 nautical
miles. From a cartographic point of view, only the first three camera
systems are of immediate interest.
In view of recent changes in plans for the Apollo Applications
Program—most notable, the increase in orbital altitude to 250 nautical
miles—the Panel recommends most strongly that the photographic exper-
iments which were recommended for a 125-nm altitude be considered
9
for much smaller, less expensive spacecraft designed for specific car-
tographic experiments at the appropriate altitude. This approach is already
under consideration within NASA, as evidenced by the proposal (3 in Section
7.0) to perform the multiband experiment in a separate, automated, earth-
orbital mission. On the other hand, if, as a matter of policy, the experi-
ments are to be included in the Apollo Applications Program, the carnera-
system parameters must be revised to be compatible with the new mission
profile.
2. 2. 2 Multiband Synoptic Photography
The Panel has no fundamental objection to the multiband synoptic
photographic experiment in either of its proposed forms (2 and 3 in Section
7.0).
On the contrary, the °anel anticipates real advantages to earth-
resource evaluation from the multiband approach. However, the Panel feels
most strongly that neither of the proposals will satisfy all the cartographic
requirements that are clearly within the capability of existing spacecraft
and camera technology. If the multiband experiment is flown as proposed,
it should not prejudice the inclusion of other cameras designed to produce
cartographic results of more significance than can be obtained with the 6-in.
focal length, 9 x 9 in.. format cameras.
2. 2. 3 Transmitted versus Recovered Photography
The Lunar Orbiter program has produced magnificent photographs
of the lunar surface. Cartographic products are being made from these
records. There is, therefore, a natural inclination to fly the sane or simi-
lar systems in earth orbit.
However, due to the distortions introduced in the photography by
the transmission process, it has been possible to achieve a photogrammetric
precision of only 301A in the residuals of image coordinate measurements.
This is compared with the 5 to 8 µ regularly attained with conventional pho-
tography. The accuracy of results obtainable is therefore reduced by a
factor of 4 to 6. An attempt to recover the ground accuracy by building
larger systems would require unrealistic focal lengths and absurd picture
formats.
In addition to decreasing accuracy, transmission involved breaking
up the image into a .large number of pieces. This imposes a tremendous
burden on the data-reduction process. It has been found necessary, for
example, to measure up to 12, 000 image point coordinates in order to re-
construct a single 16-photo strip of Lunar Orbiter photographs. This should
be compared with the 400-point coordinates which would be required to com-
pute a similar strip of recovered photographs. A factor of 30 increase in
data-reduction time, facilities, and cost would largely vitiate any advantage
that might be gained from space photography. There is ample documentation
for the assumption that original film can be returned from earth orbit, and
all proposals in this document are based on the expectation that about 200
pounds of film can be recovered from a single mission.
I
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3.0 PROPOSED SPACE GEODESY-CARTOGRAPHY PROGRAM
3.1 Dynamic and Geometric Geodesy
The existing NASA program in dynamic and geometric geodesy, as
described in Section 2. 1, is fundamentally sound. Apart from reservations
about the organization of the observations, what is needed in this area is
the impetus to continue toward programmed milestones. In order to assure
this, a program is proposed which, in addition to the already scheduled
GEOS-B (and possibly its backup satellite) includes a low-flying passive
satellite to replace ECHO-I, and a series of four new satellites for geo-
dynamics referred to as GEDY-1* through' GEDY-0. Finally, to assure
that the geometric networks can be completed, it is necessary to be aware
of the possible need for replacements for PAGEOS-A and ECHO-II. Such a
need could arise in case the current satellites should become useless by
virtue of orbit deterioration or some catastrophic event. These proposed
satellites are described in Table 13. 3. 1.
3.2 Cartographic Satellites
For more than 10 years, the photographic and photogrammetric com-
munity has studied the problems and possibilities of producing cartographic
photography from space. Consequently, it is possible to specify the kinds
of photographic systems that are feasible both to produce and operate, and
to predict with a high degree of confidence what can be accomplished.
Two experimental photographic satellites with film-return capability
are proposed, and it is suggested that two of each type be flown. The camera
systems have been selected to produce useful cartographic products immedi-
ately. To a large extent, they are the cameras that would eventually be
incorporated in an operational satellite mapping system.
If the experimental photographic mission delive rs the anticipated records,
and if the ensuing data reduction is successful in producing the desired car-
tographic materials, an operational satellite cartographic system is postu-
lated for the 1972-1975 time frame.
Because of the enormous number of square miles of coverage that can
be obtained with a single satellite, such systems will have a serious impact
upon the organization and procedures of the map-producing organizations.
The proposed cartographic satellites are described in Table 13. 3. 2.
*Designations coined by the .Panel to avoid confusion with NASA plans using the GEOS designation.
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PRECEDING PAGE SLAI4K NOT FILMED.
4.0 JUSTIFICATION OF PROPOSED SYSTEMS
The geodetic-cartographic satellite program proposed in the previous
section is explained and justified in the following paragraphs. Although
discussed in terms of the separate disciplines, the whole set constitutes a
unified program.
4. 1 Dynamic Satellite Geodesy
Representations of the gravity field of the earth are generated by an
operational program embracing several satellites.
A global solution for a more accurate geopotential relies on frequent
tracking data for a number of satellites in orbits with different character-
istics, particularly inclination. The observations accumulated over year,R
of satellite tracking reside in data banks. The products currently trans-
mitted from dynamic satellite geodesy to the users typically are "handbook"
tables of spherical harmonic coefficients for the geopotential, contour maps
of an equip *ential surface approximating mean sea level, and accurate
coordinates of surface points in an absolute geocentric system. To be justi-
fied, future satellite launches and tracking activities must augment this
existing fund of data in such a manner that subsequent gravity representa-
tions will be more valuable to their users.
The operational program discussed here is essentially a logical contin-
uation of the ANNA, Transit, Beacon Explorer, and GEOS-A satellite sys-
tems. Essential characteristics of the program and its operation in forth-
coming years are:
1. Worldwide permanently installed tracking stations equipped with
cameras, lasers, and doppler receivers of at least the same extent as the
present SAO and TRANET networks, a total of approximately 25 stations.
2. Tracking of satellites in orbits with various inclinations, with
perigee altitudes between 500 and 1, 200 km, and with moderate eccentricity(less than 0. 15); that is, the satellites should be iow enough to be sensitive
to pertubations by variations in the gravitational field, but high enough to be
tracked frequently and to have small drag forces. Some of these may be
targets of opport_^.Iity, launched for other objectives.
3. Additional satellites for geo4ynamic objectives, having low area-to-
mass ratio (less than 0.05 cm ?-/gm) and selectively using the following on-
board instrumentation: retroreflectors for laser tracking, doppler beacons
15
^t
r'	
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x..
ror transponders, altimeters, and inertial szr.Qors, control jets and fuel to
maintain a drag-free orbit for 1 year. Possible additional instrumentation—
cost and weight permitting—are: flashing lamps, ranging transponders, and
gravity gradiometers.
These general conditions are satisfied by the satellites in the schedule
proposed in Table 13. 3. 1. Each satellite mission is discussed briefly in
later paragraphs. Figure 13. 4. 1 shows a block diagram of the broad work-
ing of the system. The satellites and instrumentation suggested in Figure
13. 4. 1 with the orbits listed in Table 13. 3. 1 represent a reasonably vigor-
ous and financially responsible program of satellite launches in support of
dynamic satellite geodesy. The economic and scientific benefits discussed
later are judged to justify about one specialized satellite per year plus con-
tinuation of tracking activities by reasonable networks of instruments. In
short, the overall level of activity is about the same as has been maintained
in recent years.
After GEOS-B, the suggested satellites have been designated Geody-
namic-1, etc. (GEDY).
4. 1. 1	 G)LOS-B (1968 Launch)
GEOS-B is part of the approved, ongoing national program for satc-
lite geodesy. It carries virtually every U. S. tracking system with current
geodetic capability. This is already indicative of its major contribution; it
allows an intercomparison of data types and a demonstration of the strengths
of the various systems. In the same vein, it allows a blend of data from
various systems to be used in determining the satellite orbit, which in turn
is used in subsequent analyses. Presumably this number of tracking systems
will not be required on later satellites with other objectives.
4. 1. 2 GEDY -1 (1969 Launch)
GEDY -1 is a simple satellite to be launched into a low-inclination
orbit, nominally 150 . It would carry essentially the same instrumentation
as the Explorer Beacon Satellites B and C: a doppler transmitter and laser
retroreflectors. It could additionally be tracked passively by Baker-Nunn
cameras.
The principal objective of this satellite would be a strengthening of
the geopotential representation. This recognizes the fact that all current
geopotential soluViAns employ only sa,telAtes with incli: ations greater than
30". The lack of ::.vita on satellites with lower inclination is a significant
deficiency in the eiata base.
4. 1. 3 GEDY - 2 (1970 Launch)
GEDY-2 would be the first satellite to carry an altimeter. The
choice of a radar or laser altimeter must be made on the basis of a detailed
trade-off study. For geodeti r. applications, an altitude accuracy of about 1 m
is required, because this is about the scale to which the ocean surface is an
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equipotential surface. In data analysis, the altitude of a satellite above the
ocean surface may be treated as a measured relationship between a point
on an equipotential surface of the geopotential and a satellite position deter-
minoel by equations of motion derived from the geopotential. Since the
ocean profile is a sensitive indicator of short wavelength geopotential varia-
tions H * of latitude or longitude), a substantial improvement of the detail
of the gravity field of the earth is possible.
Even this detail is not sufficient to meet the requirements of dynamic
oceanography, since the important variations in mean sea level corresponding
to currents, meteorology ^al circumstances, open ocean tides, and other
phenomena are in the decimeter range.
4. 1. 4 GEDY - 3 (1971 Launch
GEDY-3 would carry similar instrumentation to that of GEDY-2
plus a "zero-drag" system. This system has also been called the satellite-
within- a- satellite. The inner body is acted on only by gravity, while the
outer body senses the position of the inner body and adjusts its orbit with gasjets to avoid collision with the inner body. With such a system, the satellite
can orbit at a somewhat lower altitude without deterioration of geopotential
information by drag forces. At lower altitudes, higher harmonic informa-
tion in the geopotential can generate measurable displacements. This in-
formation would be blended with the information from the altimeter. As
another objective, the jet forces can be monitored as a measurement of
atmospheric drag. Thus this satellite would be a cooperative effort with
geodetic, oceanographic, and atmospheric interests.
From the geophytiical standpoint, a further principal objective is a
study of tides in the solid earth and in the ocean. Atmospheric phenomena
of global extent can likewise be investigated. These are detected through
the effect of the corresponding mass displacements on the orbit of the satel-
lite; that is, through time variation of the geopotential. Even at lesser
accuracy, solid-earth tides have been detected already, and Love numbers
for the elasticity of the earth have been derived, using satellite tracking
data. The GEDY-3 satellite would allow this to be carried out in finer detail.
There is also an opportunity for comparison of tidal data from the mass-
displacement techniques and frorn direct measurement by altimeter and
surface techniques.
4. 1. 5 GEDY-4 1972 Launch)
The GEDY-4 satellite has a quite different objective from those of
its immediate predecess ors. It would be placed in an orbit which maximizes
the accuracy with which its orbit can be calculated. Thus it must be high
enough so that the uncertainties in previously derived geopotentials have
negligible influence on its orbit. On the other hand, it must not be so high
that uncertainties in the lunisolar perturbations are important. Further,
the satellite should have a small area-to-mass ratio to minimize effects of
radiation pressure, and a simple geometry to allow the calculation of
radiation forces.
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The satellite would be tracked primarily with laser ranging. By
1972, a decimeter tracking-accuracy can be reasonably anticipated, employ-
ing a two-color system if necessary. Given this tracking, and the orbital
constraints listed, the satellite in its orbit can be used as a reference to
measure the kinematics of the earth—particularly variations in rotation rate
and polar motion. The accuracy should equal that of the conventional astro-
nomical methods, used by the international services, thus providing data of
an independent nature. The accuracy may even be better than conventional
techniques. The probable situation should be the subject of a detailed feasi-
bility study. Time-dependent quantities measured in this way would be pre-
sented in periodic bulletins for all users.
The results from tracking this satellite would facilitate interpreta-
tion of range measurements to retroreflectors on the moon. While these
latter observations have some geodetic value, their immediate value would
apply to lunar , .lynamics.
e
After several years of data have been collected for GEDY-4, it
should be quite reasonable to process the data from various laser stations
in order to search for evidence of continental drift or other motions of crus-
tal blocks. These motions are estimated at a few centimeters per year, so
accumulated decimeter displacements might be detectable after a few years.
4. 1. 6 End Products of Dynamic Satellite Geodesy
So far in this discussion of dynamic satellite geodesy, the approach
has been that of an ongoing activity evolving toward new and more valuable
results. This is the point of view of the producer of the geodetic informa-
tion. An alternative approach can equally well be followed, emphasizing
the products of dynamic geodesy from the user's point of view. In this
aspect, typical products of dynamic geodesy are:
1. Long-wave structure of the gravity field, obtained from tracking
data, and the shorter-wave structure of the gravity field obtained from satel-
lite altimetry over the oceans
2. More detailed knowledge than is now available for time-varying
components of the gravity field ( such as tidal effects)
3. Absolute coordinates in a geocentric system for stations track-
ing the geodetic satellites
4. Very precise satellite positions as a function of time, especially
for satellites carrying geodetic instrumentation
5. Precise elevations of rnmy points on the earth's surface, both
ocean and land
6. Time variations in the earth location of stations tracking
GEDY-4, the satellite optimized for use in monitoring earth kinetics
The principal civil uses of these products, requiring improvement
over the present status are:
r
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Using Agencies Product Used (1-6 fromSec. 4. 1. 6 above)Use
1r
Navigation or location 	 Geophysical prospecting	 1, 2, 3, 4 (sometimes
on the earth's surface
	
firms, particularly	 through navigation
with accuracy f 10 to
	
the petroleum industry; 	 satellite)
100 m
	 oceanographic research
agencie s
1, 2, 3, 4, 5 (sometimes
through tracking
photogrammetric
satellites)
5
Location of satellite	 Topographic mapping
camera positions and	 agencies
variations in elevation
of the topography
Variation in elevation	 Water resource agencies
of snow, ice, lakes,	 and others concerned
rive r s	 with hydrological
forecasting
1, 3Satellite orbit determina-
tion and prediction
NASA; aerospace industry
Elevations of ocean	 Oceanographic research	 5
surface	 agencies, federal and
private
Analysis of orbits to
determine satellite
surface forces, drag,
etc.
Location of satellite-
borne instruments
(nongeodetic) as a
function of time
Precise differences in
position an"' time be-
tween distant stations
on the earth
Space-research and	 1,2,3
meteorological agencies
Space-research or appli- 	 1,2,3
cations agencies
Time services; astronomy	 3, 4
Study of the earth's	 Geophysical research	 i t 2
interior	 agencies, federal and
private
Study of crustal mo-	 Geophysical research
	 6
tions, variation in	 agencies
rotation of earth, etc.
4.2 Geometric Satellite Geodesy
The fundamental objective of a geodetic control system is to give the
locations of selected control points, in sufficient number and quality, in a
Cartesian (preferably mass-centered), coordinate system. The selection
and the number of control points are based on the following needs:
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1. To unify the various geodetic datums and to connect islands, track-
ing stations, navigational b -acons, and other isolated points of interest to
such unified datums
2. To improve the internal quality of existing geodetic (triangulation
or other) systems by establishing "super-control" points in sufficient
number
3. To control geodetically unsurveyed areas for future mapping
activitie s
4. To provide precise locations for scientific reference stations
In this context, geometric satellite geodesy serves as the connecting
link between dynamir. satellite geodesy and cartography. The satellites,
observing instrumentation, data-reduction procedures, and products, and
uses of geometric satellite geodesy have been well developed, and no
significant changes are recommended as a result of this study. The data
flow for geometric satellite geodesy is shown in Figure 13. 4. 2.
4. 2. 1 Considerations in Establishing an Observation Program
In planning an observation program that will satisfy the objectives
of geometric satellite geodesy, a number of factors must be taken into
account. These are:
1. The existence and quality of traditional ground-survey data
2. The location of satellite tracking stations whose Cartesian
mass-centered coordinates can be determined from observations over an ex-
tended period of time (several years). These stations provide the basic
link between the relative (geometric) and the absolute (mass-centered) coor-
dinate systems.
3. The PAGEOS network currently observed by the C&GS and DOD
teams. This network is to provide a primary "relative" configuration to
which the other control points should be tied.
4. The location of current NASA tracking stations, -navigational
beacons, etc., whose mass-centered coordinates are required
5. The existence of observational plans of U. S. and foreign
geodetic groups or agencies either in the planning or implementation stage
4. 2. 2 Implementation of Proposed Networks
The control networks indicated in Figure 13. 4. 2 are as follows:
1. Network of prin ,ary stations approximately 2, 000-4,500 km
apart, observed by the Wild BC-4 cameras using the satellites PAGEOS and
ECHO I and II. This system is being established by the C&GS and DOD,
with cooperation from foreign governments, and is to be completed by 1971.
The scale of this system will be determined by combination of ground-
surveyed baselines, SECOR, and laser ranging to satellites. The objective
is to obtain an rms accuracy of d: 12 m in station coordinates.
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2. Network of secondary stations (deneification net), tied to the
primary net, and approximately 500 to 1, 000 km apart, observed by various
existing cameras (Wild BC- 4, PC-1000, MOTS, etc.). The cameras, satel-
lites, and the number of redundant observations must be planned in such a
way that the results will achieve an rms of f 3 m.
3. A set of ties to those absolute stations which are not included
in the primary and densification networks. These ties will provide the data
required to transform the coordinates of the primary and secondary network
stations into a mass - centered system. The ties must have at least the same
precision as the networks.
4. Scientific reference stations planned mostly to aid investigations
of a geophysical nature requiring a magnitude higher precision. The purpose
of these stations, for example, is to monitor the time variations of station
coordinates for detecting continental drift, earth tides, and the like.
The GEOCEIVER, designed to determine station coordinates based
on doppler monitoring of navigation satellites, shows promise of producing
accuracies comparable with those required by the geometric networks. Its
possible use in connection with the proposed networks should be considered.
A considerable portion of the secondary network and the absolute
station ties could be observed during the observation period of the primary
network by the proper use of existing sensors if adequate coordination can
be achieved between the several U. S. Government agencies operating these
systems.
4. 2. 3 Proposed Satellites for Geometric Geodesy
The principal requirements to implement the geometric geodesy
program, as far as satellites are concerned, ....arw GEOS-B, (with possible
backup) already ogramn^ed,.-ml-a replacement for the existing ECHO-I,
whose orbit is showing signs of rapid decay. This latter new satellite is
listed as PAGEOS-B. It is a passive reflective balloon of the same type as
PAGEOS-A. An optimum diameter for this satellite would be 20 m. How-
ever, economic considerations may make it advisable to use a larger diam-
eter, if an existing balloon is available. This satellite is to be used pri-
marily for the observation of the deneification network and is also needed for
completion of the primary net.
Also proposed area PAGEOS-C and PAGEOS-D. These are pre.-I
sional satellites intended a& por sible replacements for the existing ECHO-II
and PAGEOS-A. Thcy would be launched only if some unexpected event were
to cut short the life of the two existing satellites. Without such provisional
backup satelli -es, it would be necessary to withdraw or redeploy all obser-
vation teams.
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I4. 3 Satellite Cartography
As has been menVoned, no program exists within NASA for obtaining
cartographic quality photography from space, yet such photography would
be immediately useful to the scientific and technical community.
The most immediate needs for map data have been identified as:
1. An up-to-date synoptic map of the world at scale 1:1, 000, 000
2. Completion of world maps at scale 1:250, 000
3. Revision of maps of specialized areas at scale 1:24, 000
The satellite cartographic program described in Table 13. 3. 2 is de-
signed to attack these problems in order.
4.3. 1	 An Essential Proviso
Before describing the proposed satellite systems, it is necessary
to interject a very strong precaution. Satellites have the capability of ac-
quiring a very large number of photographs covering enormous amounts of
territory. The coverage is inefficient, however, because of cloud cover,
which is to a large extent unpredictable, and because the characteristics of
satellite orbits make it necessary to fly over some areas many times. These
two factors tend to compensate, since more "looks" at an area increase the
probability of having at least one of them cloud-free. But, in any event, it
will probably be a rare circumstance if 50 percent of the available film from
any giver, mission is directly useful. Even so, the number of square miles
of territory covered by a single successful satellite may easily exceed the
total annual area mapping of the present map-producing agencies. The saving
factor, which makes the whole approach seem feasible, is that the area is
covered by a relatively small number of photographs. From a 30, 000-ft-high-
altitude aircraft, a conventional mapping photograph covers 73 sq miles.
From a low-altitude satellite, the .same photograph would cover 7, 850 sq
mile s.
Once the photography has been obtained, the glamorous part—the
space mission—is over. The pictures will then be dumped into the available
map-producing agencies, which, in addition to being overloaded with their
current production, are neither equipped, staffed, nor organized to handle
the formats, scales, and quantities of photographs obtained by the satellites.
Concomitant to a space acquisition program, therefore, there should be a
serious and delibe;L-ate effort to develop and make operational the organiza-
tion, instrumentation, and procedures for exploiting the new material.
4. 3. 2	 Proposed Cartographic Satellite s
Three series of cartographic satellites are proposed. All of them
are predicated on the ability to recover film physically from each
mi s sion.
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r4. 3. 2. 1 SY NOS A and B
This satellite, SYNOS (for synoptic optical satellite) is designed
to fulfill three objectives:
1. Provide photographic coverage for controlled mosaics and
maps of scale 1:1, 000, 000
2. Provide photographic coverage for controlled mosaics ar.d
maps at scale 1:250, 000
3. Provide photographic coverage from which, in conjunction
with the densification network provided by satellite geodesy, control for
mapping at scales as large as 1:24, 000 can be established
In order to accomplish these objectives, the satellite will carry
these camera systems:
1. A 6-in. focal length, 9 x 9 in. format cartographic camera
which, using color film, can acquire 1, 900 photographs covering 15. 4 x 106
sq miles
2. A 12-in. focal length, 9 x 14. 5 in. format cartographic camera,
which, using black-and-whit, thin-base film, can acquire 5, 880 photographs
covering the same 15. 4 x 10 sq miles
3. Two 6-in. focal length, 60 x 60 mm stellar cai:zeras, exposed
synchronously with the 12-in. camera
In addition to these cameras, the satellite should carry:
1. An altimeter, preferably laser, providing a measured altitude
with approximately 2-m precision synchronously with each 12-in. camera
exposure
2. A precise clock, recording the time of each 12-in. camera
exposure with a precision of a few tenths of a millisecond
3. A tape recorder on which camera shatter pulses, altimeter
readings, and time are recorded, as a backup to the data block on the
camera film
The parameters and performance of these camera systems are
developed in Appendix A, Section A. 1.
The satellite will o erate from a low-altitude (150 km), circular,
sun-synchronous orbit at, 97 inclination, with a lifetime of about 3 weeks.
The exposed film, plus the data tape will be returned in data recovery
capsules. The, spacecraft containing the cameras will be expended, unless
presently unforeseen developments make its recovery possible.
From the 6-in. photography, at contact scale 1:1, 000, 000, a con-
trolled photomosaic at scale 1:1, O00, 000 can be produced very rapidly.
The photography should resolve about 20 m on the earth's surface, and hence
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will be most useful to all earth scientists as a base for recording their own
interpretations. This resolution would permit enlargement to scales up
to 1:250, 000, if required. The photography will also have adequate geometry
for producing standard accuracy maps at scale 1:1, 000, 000.
The ) 2-in. photography at contact scale 1:500, 000 can be used to
prepare controlled mosaics and standard accuracy maps at scale 1:250, 000.
Even though the photographs will have a ground resolution of 10 m, -the maps
prepared from them will probably be deficient in content as compared with
those presently assembled from much larger-scale photography. Additional
detail from other sources may be added. However, in view of the fact that
only 3 or 4 stereo models of this photography are required to cover a standard
1:250, 000 map sheet, the rate of production should be ,;neatly increased.
This photography can also be used to enhance the cultural detail required for
the 1:1, 000, 000 maps prepared from the 6-in. photography.
In all areas of the world, one of the biggest drawbacks to system-
atic large-scale (1:24, 000) mapping is the lack of adequate ground control.
Many countries in South America, for example, are completely covered by
aerial photography. but the mapping remains undone because the logistics
and cost of puttin in conventional ground control are prohibitive.
This will most likely be the most valuable application of the 12-in.
photography. The densification network obtained from geometric geodesy
will supply basic control points 500 to 1, 000 km apart. The techniques of
analytical triangulation can be applied to the 12-in. photographs. With the
incorporation of the orbit constraints, the stellar photographs for attitude,
and the altimetry for scale, the photographs will have adequate geometry to
provide control point' s for the compilation of maps at scales as large as
1:24, 000. It is most worthy of note that cont - -)1 extension by analytical tri-
angulation does not require cloud-free photography. It is only necessary to
find a few points common to adjacent photographs on which the same ground
points can be seen.
It is proposed 106-o launch two SYNOS satellites at about 6-month
intervals in 1969. If each mission ib oily 60 percent effective, there will
still be obtained 18 x 10 6 sq mileb of useful n-vap information. If the data
processing proves successful and useful, launching additional SYNOS-type
satellites at about 5-year intervals might be considstred.
4. 3. G. 2 CARTOS A and B
This satellite, CARTOS (for cartographic optical satellite) has
two objectives:
1. To extend the 1:250, 000 mapping and 1:24, 000 control pro-
vided by the 12-in. camera system and to determine its feasibility from
higher orbital altitudes
2. To determine the feasibility of producing satellite photography
of adequate resolution and geometric integrity to permit the compilation or,
at least, revision, of maps at scale 1:24, 000
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rIn addition to the 12-in. metric camera,  the two 6-in. star cameras,
altimeter, vehicle clock, and tape recorder proposed for the SYNOS sate;-
lites, the CARTOS satellites would contain a set of 24-in. focal length
cameras. The particular camera system would be selected. after a detailed
trade-off study. The principal contenders for this camera system would
be:
1. A pair of 24-in. focal length, 15 0 convergent panoramic cr n-
eras. The primary advantage of this system is that such cameras already
exist. Panoramic cameras can provide the highest lens-film resolution
(up to 150 line pairs per millimeter), but their geometric integrity is very
poor. Furthermore, their photogrammetric reduction requires expensive
instrumentation, not widely available, and gen erally results in appreciable
loss of resolution. Present cameras have a 74 sweep and operate on 70-mm
film. It would be desirable to change these to a 40° sweep to match the
across-flight field of the 12-in. camera, and to 5-in. film to provide longer
stereo models. Nevertheless, purely as an experiment, the existing cam-
eras could be flown.
2. Two, or preferably three, 24-in. focal length cameras pointing
15 to 20" forward, vertical, and 15 to 20* aft. Optimally these would operate
on 9 x 18 in. format with the 18-in. dimension across flight. The geometry
and instrumental compatability of this photography would be superior to the
panoramic, but its resolution would be lower-50 line pairs per millimeter
would be a reasonable expectation.
3. A s , 'c of four, or perhaps six, 24-in. focal length, 5 x 5 in. or
7 x 7 in.. format cameras, arranged as a pair of split verticals, and a pair
pointing forward, and another pair pointing aft. This is geometrically a
much less satisfactory arrangement than the 9 x 18 in. single format, but
should be capable of producing a resolution of about 75 line pairs per milli-
meter.
The 9 x 18 in. format camera is selected for analysis. The param-
eters of the photographs produced by this system are developed in Appen-
dix A, Section A. 2.
Standard U. S. Geological Survey 7 1/2-minute  quadran gle sheets
at scale 1;24, 000 cover approximately 65 sq miles per sheet. T"he normal
GS production rate is to revise approximately 200 quadrangles per year, for
a total of 13, 000 sq miles. A single stereo overlap from the proposed cam-
eras will cover 52 x 105 = 5,400 sq miles, or the equivalent of 83 quadran-
gles. The 1, 740 stereo overlaps available from a single mission would
obviously impose an impossible data-reduction problem if current mapping
procedures were followed. Consequently, it is anticipated that only con-
trolled mosaics—or at best planimeCric revision., of a limited number of areas
of particular interest—would be attempted. It is also doubtful if the 7. 5-m
ground resolution would be sufficient to permit identification of all features
that should be included.
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It is proposed that two such satellites would be flown in 1970. The
experience gained in analyzing these records would be invaluable in selecting
the parameters for an operational ,map-revision satellite system.
4. 3. 2: 3 Map-Revision Satellite
This satellite is proposed as an operational satellite for the time
frame 1972 to 1975. Its objectives would be:
1. To provide the capability of establishing control for maps at
scales as large as 1:24, 000
2. To provide high-resolution photography of limited areas, ob-
tained on a programmed basis, from which high-quality photomosaics and
standard-quality plan_imetric revised maps at scale 1:24, 000 could be pro-
duced on a rapid and an economically sound basis
The satellite would carry the same 12-in. camera, star cameras,
altimeter, clock, and tape recorder as the SYNOS and CARTOS satellites.
In addition, it would carry a set of high-resolution cameras to provide
stereo photography with a ground resolution of about 2 m. As a first ap-
proximation, these might be 24-in. focal-length frame cameras exposing a
4 1/2  x 4 1/2  in. format on 5-in. roll film. Such a camera would photo-
graph a 30 x 30 mile area, which seems adequate to cover most of the
significant metropolitan and other economic areas. Other cameras of
larger focal length and different formats may be considered.
The objective of such a system would be to permit the annual re-
vision of 2, 000 quadrangles at 1:24, 000 scale, with a production time of 1
year for finished map per-+ducts. This represents a factor of 10 increase in
production rat- and a factor of 3 decrease in production time when compared
with current U. S. Geological S rvey standards. Th s may require a doubling
of USGS manpower in the Topogra; 114_c Division.
Such a goal seems reasonable _f sufficient at'Zention is devoted to the
data-handling procedure, as well as to the satellite acquisition p^e oblem.
Current research and development in map-production systems, as exempli-
fied by such developments as automatic production of orthophotographs and
contours, and by cartographic data banks with computer-assisted editing and
drafting, shows promise: of making this a realistic goal.
i
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5.0 ECONOMIC ANALYSIS
Geodesy and cartography have never been considered as paying businesses
by themselves. This is the reason that they are performed by government
agencies rather than by commercial organizations. For example, the U. S.
Geological Survey, Topographic Division, has an annual budget of approxi-
mately $30 million, but the sales of maps and photographs amount to only
$1 million annually. The maps are distributed free to many users.
Nevertheless, geodesy and mapping are obviously of value to their users,
and this value obviously exceeds thF: current costs of doing the job, otherwise
it would not be done at all. Still, c dollar valuation "of the usefulness of having
any map information at hand, or as to how much accuracy, completeness, or
currency of information are worth, is hard to isolate. One study performed
by the U. S. Geological Survey (5 in Section 7. 0) summarizes the annual
direct dollar benefits in the United States of orbital height photographic:
data as:
r
	
Benefits to U. S. user groups 	 $136	 million
Savings in maintenance of
1:24, 000 scale maps	 2	 million
Sav-a ^.x. i i in maintenance oi & 0, 000 scale maps	 0. 3 million
	
Total annual benefit
	 $138. 3 million
Another approach is to say that the availability of certain information
would release the manpower presently being utilized to obtain it. But this is
not realistic either. The truth is that the cost of doing something new will,
in the early phases, probably be simply added to the cost of what is now being
done.
The real benefit of doing geodesy and cartography from space is that it
makes it possible to do things that could not feasibly be done in any other way,
and that it makes it possible to do things in a time frame which is enormously
compressed when compared with conventional approaches. Again, assign-
ing a dollar value to the benefits will at best lead to a biased result.
There is one other incontrovertible fact. The nation has spent over
$20 billion in developing a space program which includes launch vehicles,
launch facilities, tracking systems, data-analysis systems., skilled
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rpersonnel, and an enormous industrial plant. This investment cannot be al-
lowed to deteriorate. It must be applied to those problems where its utili-
zation leads to significant accomplishments.
Still, some attempt at economic justification of proposed programs
mast be made, and the following paragraphs discuss this justification with
reference to the three disciplines of this report.
5. 1 Dynamic Satellite Geodesy
The gravity field of the earth is involved in many of man's activities; the
more sophisticated of these involvements demand a correspondingly detailed
knowledge oi the gravity field and an ability to use this %nowledge in many
diverse ways.
From the viewpoint of space applications, the most direct product of the
geodynarnic system is the capability to determine accurately and conveniently
the position of a satellite as a function of time. On the order of 1, 000 scien-
tific and technical personnel are in large part concerned with determination
or prediction of orbits for U. S. satellites of all types. A considerable frac-
tion of this effort is devoted to overcoming inadequacies of data and geo-
physical information, including geodetic parameters. At $20, 000 per man
year, a 1, 000-man effort corresponds to $20 million per year. If an effi-
ciency improvement of 5 percent can be generated by a more accurate and
useful geopotential—not an unreasonable expectation—some $1 million savings
in manpower alone are possible per year. Secondary savings would occur in
computer time and tracking-facility time. More than likely, three savings
would actually materialize as increased capability rather than decreased
manpower.
Ground equipment now being developed, for tracking geodetic or navi-
gation satellites for which accurate orbits are maintained, will be able to
locate a point on the earth's surface with an anticipated accuracy of + 10 to
100 m. In difficult or poorly surveyed terrain, this offers a very real al-
ternative to classical overland survey techniques when a position to this
accuracy is needed. The U. S. petroleum industry alone spends about $300
million per year in geophysical prospecting, of which perhaps $120 million
is spent on simply surveying locations for other measurements. Hence,
even a relatively small enhancement of efficiency in this work will generate
benefits of s, few million dollars per year. A 3-percent improvement would
save approximately $4 million annually.
Many other applications of geodynamic analyses have primarily scientific
objectives, but the scientific investigations have long-term economic implica-
tions. Variations in the profile of the ocean surface fal l. in this category.
Measurements of the density variations in the high atmosphere are signifi-
cantly facilitated by improved geopotential models. Of course, the knowledge
found about the earth's interior is a final example of scientific information
leading to very long-range benefits that are hard to predict.
30
In summary, the anticipated short-range benefits of dynamic satellite
geodesy can be estimated at several million dollars per year, perhaps as
high as $10 million.
These benefits can be compared with the costs of performing the satel-
lite geodesy program. A simple satellite, such as GEDY-1 described in
Table 13. 3. 1, costs about $3 million% placed in orbit. A more involved satel-
lite, such as GEDY-2, may cost $7 or $8 million in orbit. In the latter
case, however, some of the cost might be charged to oceanography. Thus
the annual cost for a yearly satellite launch is between $3 million and $7 mi.l-
lion—say $5 million on the average. To this must be added $1 million to $2
million for data analysis. In summary, the Aynamic satellite geodesy program
sketched here can be operated at an annual roost somewhere between $5 mil-
lion and $10 million.
The estimates of short-term benefits and costs give comparable values,
within the inherent uncertainties of the calculations. The payoff of the pro-
eramx can then be viewed as the lone-term and scientific benefits.
5.2 Geometric Satellite Geodesy
Geometric geodesy is an example of the si sa loon where the benefits
come from doing a valuable job that cannot be accomplished in any other
reasonable fashion. If the proposed system is carried to completion it will
be ,possible within 5 years to:
1. Provide a unified coordinate system for the whole earth and deter-
mine the transformation formulas between all local geodetic datiuns and the
unified coordinate system
2. Provide mapping control for the surface of the earth at any location
to the accuracy required for scale 1:24, 000
Five thousand years of ground surveying and 50 years of aerial survey-
ing have accomplished tti.ese goals for only about 5 percent of the world's
landmasses.
Compared to these benefits, the anticipated cost of the proposed program
to establish the secondary network, absolute station ties, and scientific
reference stations is about $25 million.
Distributed over the 5-year length of the program, this represents an
annual budget of about $5 million.
The question whether it would not be more economical to do the survey
by conventional ground techniques cannot even be raised since:
1. Due to the large distance between some of the stations, conventional
methods cannot be used at all.
r
31
In summary, the anticipated short-range benefits of dynamic satellite
geodesy car. be estimated at several million dollars per year, perhaps as
high as $10 million.
These benefits can be compared with the costs of performing the satel-
lite geodesy program. A simple satellite, suc ti: as GEDY-1 described in
Table 13. 3. 1, costs about $3 mil'.io4 placed in orbit. A more involved satel-
lite, such as GEDY-2, may cost $7 or $8 million in orbit. In the latter
case, however, some of the cost might be charged to oceanography. Thus
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lion—say $5 million on the average. To this must be added $1 million to $2
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sketched here can be operated at an annual --ost somewhere between $5 mil-
lion and $10 million.
The estimates of short-term benefits and costs give comparable values,
within the inherent uncertainties of the calculations. The payoff of the pro-
grarrL can then be viewed as the long-term and scientific benefits.
5. 2 Geometric Satellite Geodesy
Geometric geodesy is an example of the si;.aa;.ion where the benefits
come from doing a valuable job that cannot be accomplished in any other
reasonable fashion. If the proposed system is carried to completion it will
be possible within 5 years to:
1. Provide a unified coordinate system for the whole earth and deter-
mine the transformation formulas between all local geodetic datums and the
unified coordinate system
2. Provide mapping control for the surface of the earth at any location
to the accuracy required for scale 1:24, 000
Five thousand years of ground surveying and 50 years of aerial survey-
ing have accomplished t l ,ese goals for only about 5 percent of the world's
landmasses.
Compared to these benefits, the anticipated cost of the proposed program
to establish the secondary network, absolute station ties, and scientific
reference stations is about $25 million.
Distributed over the 5-year length of the program, this represents an
annual budget of about $5 million.
The question whether it would not be more economical to do the survey
by conventional ground techniques cannot even be raised since:
1. Due to the large di3tance between some of the stations, conventional
methods cannot be used at all.
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2. Disregarding these distant stations, conventional methods would
require an unreasonable length of time.
3. Accuracy figures of present conventional surveying methods indicate
that they will not satisfy the requirement of present technology in many
areas, and therefore existing systems will have to be at least partially re-
surveyed or readjusted.
5.3 Satellite Cartography
The cost of cartographic satellites is appreciably higher than geodetic
satellites, for example, because of their mor-t sophisticated instrumentation,
heavier payload, and requirement for physical data return. Existing pro-
posals for photographic satellites that are capable of performing the pro-
posed missions have price tags of $10 million to $12 million, which includes
launch vehicle, spacecraft, instrumentation, data - recovery capsule, launch
costs, and on-orbit support. Despite these "fixed price" proposals, it is
probably reasonable to allow $ 15 million for a single photographic mission.
The camera systems proposed have the capability of delivering 15 x 106
sq miles of terrain photography in the case of SYNOS, and 9 x 10 6 sq miles
in the case of CARTOS.
Thus the photography costs arc:
$1 per sq mile for SYNOS
$1. 85 per sq mile for CARTOS
Even if the photography is only 50 percent useful, these costs increase to
only
$2 per sq mile for SYNOS
$3. 70 per sq mile for CARTOS
"These can be compared with the USGS costs of
$4 per sq mile for contract photography in the easily accessible
areas of the United States
$8 to $20 per sq mile for DOD photography in other countries
The difficulty with these figures is that 1, 000 sq miles from a satellite
costs exactly the same $15 million as the 15 x 10 6 sq miles. Looking at the
problem in this way and using the $4 per sq mile as the cost of airplane
photography, the cross-over point would occur at 3. 75 x 10 6 sq miles. That
is, if more than 3. 75 x 10 6., sq miles of photography is needed, the satellite
is an economic way of doing it.
Proponents of airplane photography as an alternative to satellite photog-
raphy purport to show (DOD cost figures to the contrary) that by deploying
several large aircraft, and operating them or. ?- reasonably continuous basis,
the cost of photography could be reduced to about $1 per sq mile.
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At this point, howev9r, the satellite photographer snakes another point.
To photograph the 3 x 10 sq mi -)s in the United States, a standard 6-in.
mapping camera flown at 30, 000 ft would require a minimum of 100, 000
stereo pairs. The 24-in. camera proposed for CARTOS could do the same
with only 550 stereo models. There is a reasonable hope of processing 550
stereo pairs, whereas 100, 000 is clearly out of the question.
The remaining question is then whether the 550 stereo pairs will do the
same mapping job as the 100 1 000. This is the great imponderable, because
there is no generally available experience in mapping from space photography.
The figures indicate that the proposed systems will probably do the job, if
other parts of the mapping system are given the same attention as the space-
craft and its cameras.
The final fact is that with space photography useful products can be made
which are totally impossible from conventional aerial photography. These
include:
1. A synoptic ,mosaic of continental areas at scale of 1:1, 000, 000 or
1:500, 000; this is obtainable from the 6-in. photography proposed for SYNOS
2. Photogrammetric control for maps at scale 1:74. 100 anywhere in
the world; this is obtainable from the 12-in. photography proposed for both
SYNOS and CARTOS
3. Large-scale, r.°i.pid-response mosaics for any selected area of the
world; this is obtainable from the 24-in. photography proposed for CARTOS
No economic analysis of space cartography would be complete without
consideration of the data-processing part of the map-production routine.
Only about 35 percent of the current processing involves the photographs.
A cartographic satellite does not improve the remaining 65 percent. But it
drastically alters the inputs. The formats and focal lengths of space pho-
tography are, to a large cxtent, incompatible with the current data-reduction
instrumentation, which may represent an investment of $5 million. Clearly,
if satellite photography is to be useful on a production basis, detailed con-
sideration and planning is required throughout the whole course of the map-
making cycle. This extends as far as a reeducation of map users, who may
have to revise their notions as to what is an acceptable map or map substitute.
r
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6.0 REQUIRED RESEARCH AND DEVELOPMENT
Because satellite geodesy is an ongoing program and because existing
studies have demonstrated the feasibility of cartography from space, there
are no overwhelming research and development hurdles to be mastered.
6.1 Dynamic Geodesy
The dynamic satellite geodesy activity suggested in previous sections
is an evolving program in the sense that each successive step forward uses
existing hardware and technology, except for introduction of new instru-
mentation at a rate of approximately one new item per year. Thus required
research and development involves a continuing sequence of modest steps.
Also, the ordering and phasing of the steps may be rearranged somewhat
without serious effect on the overall plan.
Laser tracking plays an important role in the suggested schedules.
This tracking technique has proved its capability to obtain ground-to-
satellite ranges with an internal precision of about 1 m, and a network with
this capability is emerging as an operational reality. The suggested sched-
ule of satellite flights assumes the existence of such a tracking system.
While data are being accumulated at this accuracy level, research should
go forward on advanced systems capable of decimeter accuracy. The sug-
gested schedule assumes such systems of comparable accuracy are avail-
able by 1972. Development of all-weather ranging systems is surely
desirable and should be pushed if technically feasible and economically
sound systems can be found.
The first new flight instrumentation called for in the schedule is the
altimeter (launch, 1970. Studies presently under way will provide the
necessary insight to choose between a radar or laser instrument. Enough
related experience exists with either approach to give confidence that either
could be developed to meet the 1-m geodetic requirements. The oceano-
graphic nead for a decimeter system is more 'stringent and will require
development of new instruments and mjnsuration techniques.
The second new-flight instrumentation is the zero-drag system (launch
1971). Significant laboratory experiments have already been performed on
such a system. An orderly continuation of this activity should satisfy re-
quirements and schedules.
Further investment in gravity gradiorneters for earth applications
should be more cautious until feasibility of a useful instrument is
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1established,,,, Studies are under way which should give information upon
which Bound decisions can be made.
6.2 Geometrfc Geode®y
The tracking instrumentation requirements for geometric geodesy are
essentially the same as dynamic geodesy; these have been discussed in the
previous section. However, in the development of this instrumentation it is
important to recognize that the geometric geodesy objectives impose a re-
quirement that reasonably portable versions of the ground systems should
be possible.
A strong support is suggested for the ongoing effort to develop an eco-
nomical, automatic, precise coordinate-measuring instrument for photo-
graphs of satellites against the star background.
6.3 Cartography
Technical as well as economical considerations strongly suggest com-
bining the developmer^,t of space-qualified photogrammetric systems for
earth with lunar and planetary mapping programs. Auxiliary sensors, such
as star-recording cameras (for supplementary orientation), altimeters (for
supplementary scale determination), clocks (for supplementary orbital con-
straints), as well as the corresponding data-recording requirements, are
essentially the same for cartographic missions around either body. The
same consideration applies for the major components of the actual precision
photogrammetric camera, such as the development of a proper fiducial mark
system, a reseau pattern, film-flattening mechanisms, and image motion-
compensation technique, a shutter system, and data block recording. 'The
need for several systems arises from the requirement for various focal
lengths and associated film formats, in response to purpose and mission
constraints. Dictated by economical considerations, the community should
be satisfactorily served if a family of interchangeable lens cones could be
developed, which would have the following dzsign parameters:
Focal Lengths ^	 Film Format	
^r
	 Purpose
	
oon
I
Synoptic maps
Mosaics
Synoptic maps
Mosaics
6"
	 9^^ x 9^^
12"
	
9" x 14. 5"
	 Control intensi-
 fiasic control
fication	 mapping
Small- scale
mapping
24" convergent	 5" x 5" frame	 Map revision	 Detail mapping
or 5" panoramic
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With respect to interest fram other disciplines in the utilization of
multispectral imagery, a few comments concerning its cartographic appli-
cation are %n order. The primary advantage of obtaining images in several
bands of the electromagnetic spectrum appears to be in the identification of
phenomena. For cartographic purposes, conventional photography com-
pletely satisfies this objective in the majority of situations. The use of
color film to delineate more accurately coastlines and vegetation boundaries
is the major known exception. An expanded research effort in the field of
multispectral ii iagery on the part of cartographic agencies should be directed
primarily toward an analysis of the geometry of the imaging instruments,
including scanners and television systems.
The eventual objective should be either the provision of precise loca-
tional information of cartographic quality from such instruments or the
ability to position (or convert) precisely such imagery with respect to metric
photographs or existing maps, in an automatic and highly accurate manner.
In the event that these objectives can be achieved, it is conceivable that
scanning instruments may provide cartographically useful data.
Radar has the particular advantage of being able to penetrate cloud
cover. For mapping purposes, a capability independent of the weather
would greatly sirr,plify scheduling operations and would permit the observa-
tion of some areas of the world which are cloud covered a large majority
of the time. In nrder for a satellite or an airborne radar to be suitable for
cartographic purposes, it should approach the resolution, accuracy, and
stereoscopic capabilities of cartographic camera systems. Such a develop-
ment is believed to be technically feasible and should be pursued with vigor
by the cartographic community. A long-range goal should be the integration
of the radar technology into the cartographic production process.
The significance of satellite photography as an economical data-
acquisition system for cartographic end products rests almost entirely on
quantitative considerations in terms of the large number of photographs
obtainable in relatively short periods and the staggering wealth of informa-
tion content in each single photograph. A major problem consequently is to
develop the technology of data extraction, analysis, and processing. Each
of these steps presents requirements incompatible with present mapping
techniques. A representative list of initial research and development
projects in support of the problem includes: automatic map compilation
equipment, cartographic data banks (containing coastlines, road information,
topography, vegetation, and the like) with automatic map data extraction,
-simplification, editing, and printing; and sophisticated pattern analysis and
recognition techniques.
r
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APPENDIX A
PROPOSED CAMERA SYSTEM PARAMETERS
A. 1 Cameras fnr SYNOS-A and SYNOS-B
Photographic satellites can be flown with sufficiently long lifetime at
altitudes as low as 150 km. In order to obtain maximum ground resolution,
which is required for map products, such a low altitude may be necessary.
A. 1. 1	 Small-Scale Camera
Most intensive development has been concentrated on the "standard"
cartographic camera of 6-in. focal length, 9 x 9 in. format, operating on
9 1/2-in. roll film (in metric units: 1.50-mm focal length, 225 x 225 min
format). New lens designs for such cameras can produce an average lens-
f.m re ,3olution of 50 optical line pairs per millimeter. This camera is
assumed to be adaptable to space hardening, and its photographs are com-
patible with all existing photoprocessing and photogrammetric plotting
instruments.
The parameters of the photography produced by this camera at
150-km altitude would be:
•	 Image scale	 1:1,000,000
• Maximum ground resolution 	 20 m
• Ground dimensions covered. 	 225 km = 140 statute miles
• Advance per photograph	 90 km = 56 statute miles
• Net stereo model area	 20, 300 sq km = 7, 850 sq
miles
•	 Film wt. per frame (thick base)	 0. 029 lb
Since consecutive polar orbital passes are approximately 1, 550
statute miles apart at the equator, the number of days required to provide
full earth coverage would be:
D 
= 155
  = 11 days.
It is recognized that minor adjustments in planned orbit eccentricity,
altitude, and inclination may be required to obtain continuous equatorial
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coverage. With a satellite lifetime of 3 weeks, the camera will have a mini-
mum of two looks at every point along the equator, increasing to four looks
at latitude + 60 where sidelap between adjacent photographic flights is 50
percent.
A. ' ?. Medium-Scale Camera
Many studies of space photography for cartographic purposes have
concluded that a nearly ideal camera configuration would be provided by a
12-in. focal length, 9 x 14. 5 in. format operating on 9 1/2-in. roll film
(in metric units: 300-mm focal length, 225 x 370 mm format). Indeed,
actual lenses have been designed and tested for this configuration and have
proved capable of producing an average lens-film resolution of 50 optical
lire pairs per millimeter.
The Parameters of the photographs produced by this camera
would be:
•	 Image scale	 1:500,000
• Maximum ground resolution
• Ground length covered
• Ground width coverL-d
• Advance per stereo model
(67% overlap)
• Net stereo model area
•	 Film wt. per frame (thin base)
10 m
185 km = 115 statute mites
112 km = 70 statute miles
62 krr.. = 38 statute miles
6,950 sq km = 2, 650 sq miles
0. 022 lb
Since the width of coverage is only half that provided by the 6-in.
camera, the 22-day cycle time will give the camera only one look at each
point on the equator, increasing to two looks at latitude ± 600.
A. 1. 3 Stellar Cameras
Star cameras ai, e required to give an independent determination of
the attitude of each exposure made with the terrain camera. Considering
that the star camera is directed normal to the orbital plane, the accuracy
of the determination of roll and yaw could approach 4 sec of arc while the
accuracy in pinch is about 10 sec of arc. In order to -increase the precision
of the pitch determination, which is most critical from the photogrammetric
point of view, two star cameras are propooed. They will be directed 15 0 to
20 0 fore and aft of the normal to the orbit plane.
The two star cameras are exposed simultaneously with the 12-in.
terrain camera. The fiim weight (thin base) for the two star pictures at
each exposure station will be 0. 0023 lb, or about 10 percent of the terrain
camera film weight.
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A. 1.4 Distribution of Film Between Cameras
If both camera systems dre to cover the same area, the ratio of
exposures between the 6 -in. and 12 -in. systems is 7850/2650 ft 3. Three
times more 12-in. exposures are required than 6 -in. exposures.
If % is the number of 6 -in. exposures and a total of 200 lb of film
can be returned from orbit, then 0.029x +0. 022 (3x) + 0.0023 (3x) = 200,
which has the solution.
x = 1, 960 frames for 6-in. camera
3x = 5, 880 frames for 12 -in. camera
3x = 5, 880 double frames for star camera
The film weight distribution is then:
57 lb for 6 -in. camera
129 lb for 12-in. camera
14 lb for double star cameraM
200 lb for mission
The total area covered would then be
1, 960 x 7, 850 = 15. 5 x 10 6 sq miles
or
1, 960 x 20, 300 = 40 x 10 6 sq km
A. 2 Cameras for CARTOS Satellites
It is proposed to operate the CARTOS satellites at an altitude of 225 km,
at which longer lifetime in more stable orbit can, be achieved.
A. 2. 1 Medium-Scale Camera
This camera is the same 12-in. focal length, 9 x 14. 5 in. format,
proposed for the SYNOS satellite. At 225-km altitude, the photograph
parameters will be as follows:
• Image scale
• Maximum ground resolution
• Ground length
• Ground width
• Advance per stereo model
(67% overlap)
1:750, 000	 V
15 m
2 "8 8 km = 173 statute miles
168 km = 105 statute miles
93 km = 57 statute miles
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•	 Net stereo model area	 15, 600 eq km = 6, 000 sq miles
•	 Thin film wt. per frame	 0. 022 lb
A. 2. 2 Large-Scale Camera.
Althouga the exact camera to be used for this application cannot be
specified until after a detailed trade-off study between fra ;-e and panoramic
cameras, involving performance, feasibility, and cost, the parameters
selected for this analysis are a 24-in. focal length, 9 x 18 in. format, re-
solving 50 line pairs per millimeter (in metric units: 604-mm focal length,
225 x 460 mm format). Frame cameras of this configuration have been built
and operated, but not of cartographic quality, or space -hardened. A three-
camera configuration is suggested: one vertical, one 20 0 forward oblique,
one 200 aft oblique. This configuration would provide nearly optimum
geometry, but probably not optimum resolution.
The paramet -.- ,L a of the photography (vertical camera) would be:
• Image scale
• Maximum ground resolution
• Ground length
• Ground width
• Area per stereo model
• Thin film wt. per frame
1:375, 000
7. 5 m
84 km = 52 statute miles
168 lam = 105 statute miles
14, 100 sq km = 5, 400 sq miles
0. 0275 lb
This system is contemplated as a programmed camera taking
pictures only of those areas in immediate need of map revifaion, The
number of days required to provide the capability of acquiring vertical
photography for any location is:
D - 15 5 = 15 days
A lifetime of 4 weeks would provide two looks at every spot, while a lifetime
of 6 weeks would provide three looks.
A.2. 3 Stellar Cameras
These cameras are the same as those defined for the SYNOS
satellites.
A. 2. 4 Distribution of Film Load
Presuming both camera sys4e r;s are to cover the same area, the
ratio of stereo models required as:
6000340C1 more 4--in. stereo models
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If x is the number of 12-in. exposures and a total of 200 lb of film can be
returned, then:
0. 022x + 0. 0275 (1. 1) (3x) + 0. 0023x = 200,
which has the solution
x = 1, 740 frames for 12-in. camera
1. lx = 1, 910 triple frames for 24-in. cameras
x = 1, 740 double frames for star cameras
The film weight distribution would be:
38 lb for 12-in, camera
158 lb for three 24-in. cameras
4 lb for double star cameras
The total area photographed would be:
1, 740 x 5, 400 = 9. 4 x 10 6 sq miles
or
1; 740 x 14, 100 = 24. 5 x 10 6 s q km
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